Objectives: Preclinical studies demonstrated antitumor activity of dovitinib in pancreatic cancer models. This phase Ib study aimed to determine the maximum tolerated dose (MTD) of dovitinib in combination with gemcitabine and capecitabine and to characterize the safety and pharmacokinetic profile in patients with advanced pancreatic and biliary tract cancers and solid malignancies.
P
ancreatic adenocarcinoma is the fourth leading cause of cancer death in the United States. 1 The 5-year overall survival (OS) remains low for patients with advanced pancreatic cancer despite significant advances in chemotherapy strategies. Combination chemotherapy regimens such as gemcitabine plus nab-paclitaxel 2 and FOLFIRINOX 3 demonstrated moderate OS benefit compared with gemcitabine alone in the setting of locally advanced or metastatic pancreatic adenocarcinoma. Targeted therapy has also been explored. Large randomized trial of gemcitabine plus erlotinib or placebo showed statistically significant OS benefit, but insignificant clinical benefit. 4 Fibroblast growth factor (FGF) signaling had been implicated in the oncogenesis of many cancer types including pancreatic cancer in the form of activating mutation, gene fusions, and gene amplification, which lead to tumor migration, proliferation, and survival. 5 Activation of FGF signaling has also been implicated in the resistance to vascular endothelial growth factor (VEGF) pathway inhibition. 6 Dovitinib is a highly potent multikinase inhibitor of fibroblast growth factor receptors (FGFRs) with IC 50 < 10 nmol/L, vascular endothelial growth factor receptor 2 (VEGFR2), and platelet-derived growth factor receptor β. 7 Preclinical studies showed that inhibiting FGFR signaling using anti-FGFR substrate 2 shRNA achieved proapoptotic effect in pancreatic cancer, which could also be achieved pharmacologically using dovitinib in both cell line and primary patient tumor models. 8 In addition, dovitinib as a single agent or in combination with chemotherapy has demonstrated tolerability and activity in patients with various types of cancers such as advanced renal cell carcinoma, 9 urothelial carcinoma, 10 hepatocellular carcinoma, 11 and melanoma. 12 To our knowledge, the feasibility of combining dovitinib with cytotoxic anticancer agents has not been evaluated before this study.
The primary objectives of this phase Ib trial were to determine the maximum tolerated dose (MTD) and recommended phase II dose (RP2D) of dovitinib when administered concurrently with gemcitabine and capecitabine in patients with advanced pancreatico-biliary cancers and solid malignancies, and also to characterize the safety profile of this regimen. The secondary objectives were to characterize the pharmacokinetic profile and pharmacodynamics effects of concurrent dovitinib, capecitabine, gemcitabine and their metabolites, and to determine the preliminary activity of the study combination in this patient population.
MATERIALS AND METHODS

Patient Eligibility
The eligibility criteria included patients with histologically or cytologically confirmed advanced or metastatic solid malignancies where the gemcitabine combination was considered standard therapy or a rational option; patients eligible for the expansion cohort would have locally advanced or metastatic pancreas or biliary tract adenocarcinoma; age 18 years and above; Eastern Cooperative Oncology Group (ECOG) performance status ≤ 1; adequate bone marrow, renal and liver function defined by absolute neutrophil count (ANC) ≥ 1500 cells/mm 3 , platelets ≥ 100,000 cells/mm 3 , hemoglobin ≥ 9.0 g/dL, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) ≤ 1.5×upper limit of normal (ULN), total bilirubin ≤ 1.5×ULN, serum creatinine ≤ 1.5×ULN, international normalized ratio (INR) ≤ 1.5 (anticoagulation is allowed if target INR ≤ 1.5 on a stable dose of warfarin or on a stable dose of low-molecularweight heparin for > 2 weeks at the first dose of study agent), 24-hour urine protein <2 g if urinalysis showed proteinuria. Patients should have completed any anticancer therapy ≥ 4 weeks ( ≥ 2 weeks for targeted therapy; eg, sunitinib, sorafenib, pazopanib) before initiation of study drug and without residual toxicity. Patients with active, clinically significant and/or uncontrolled medical conditions were excluded. The study protocol was reviewed and approved by the institutional review board, and written informed consent was mandatory.
Treatment Plan
Dovitinib was supplied by Novartis Pharmaceuticals, in 100 mg hard gelatin capsule. Dovitinib may be taken with or without food. Gemcitabine was obtained commercially as a lyophilized powder and was reconstituted with normal saline per institutional standard. Capecitabine was obtained commercially as oral tablets in 150 and 500 mg strengths, and swallowed with water within 30 minutes after a meal. On days when dovitinib was to be administered with capecitabine, dovitinib was taken with water before capecitabine and capecitabine was taken within 30 minutes after a meal with water. Treatment consisted of gemcitabine 1000 mg/m 2 administered intravenously as a 30-minute infusion on days 1 and 8, capecitabine 1300 mg/m 2 total daily oral dose divided twice a day from day 1 to 14 and dovitinib oral daily day 1 to 5, 8 to 12, and 15 to 19 (5 d on/2 d off). Each cycle was 21 days. The sequence was dovitinib, capecitabine and gemcitabine on days when > 1 drugs were administered. The planned dovitinib dose levels to be explored were 300 (starting), 400, and 500 mg daily. Prophylactic antiemetics were administered per institutional standard. Treatment was administered until disease progression, intercurrent illness that prevented further treatment, unacceptable adverse event(s), withdrawal of consent or study closure. Adequate laboratory parameters at every evaluation were required before retreatment.
Dose modifications for toxicities related to gemcitabine and capecitabine were per guidelines in respective package inserts. Adverse events were categorized and graded according to National Cancer Institute, Common Toxicity Criteria Version 4.0 (NCI-CTCAE v 4.0). Dovitinib was withheld for ANC <500/μL or platelets <50,000/μL, and resumed ANC ≥ 500/μL and platelets ≥ 100,000/μL. Dovitinib was discontinued permanently for grade 4 creatinine elevation, ≥ grade 3 total bilirubin elevation, total bilirubin > 2×ULN and ALT or AST > 3×ULN, grade 4 cardiac event, ≥ grade 3 neurotoxicity, symptomatic ≥ grade 3 amylase or lipase elevation, and ≥ grade 2 pancreatitis. Dovitinib was withheld for grade 3 creatinine elevation, ≥ grade 3 AST or ALT, ≥ grade 3 hypertension, grade 3 cardiac event, ≥ grade 2 diarrhea, nausea or vomiting, grade 2 neurotoxicity, symptomatic grade 3 and grade 4 hypertriglyceridemia or hypercholesterolemia, ≥ grade 3 asymptomatic amylase or lipase elevation, and other ≥ grade 3 nonhematologic toxicities, until resolution.
Dose Escalation Plan, Definition of Dose-limiting Toxicity (DLT) and MTD
The study used the standard 3+3 dose escalation design. The study drug dose was escalated to the next higher level if 0 of the first 3 patients developed DLT. If 1 of the first 3 patients developed DLTs, 3 additional patients were to be enrolled for treatment at the same dose level. If no further DLT was encountered, dose escalation resumed. If > 1 patient developed DLT, the next cohort of 3 patents was to be treated at the next lower dose level. Once the MTD was determined or escalation finalized, an expanded cohort enriched with patients with pancreatic and biliary tract cancers was enrolled and treated at the MTD to further determine the safety and tolerability of the treatment regimen to declare the RP2D.
DLT was defined as any adverse event related to dovitinib occurring during cycle 1 that corresponds to any of the following criteria: grade 4 neutropenia lasting > 7 days, not reversible to ≤ grade 3 within 7 days without the use of growth factors; febrile neutropenia or neutropenia associated with bacteremia or sepsis or ≥ grade 3 neutropenia associated with treatment-related fever or infection; grade 4 thrombocytopenia or grade 3 thrombocytopenia accompanied by clinically significant bleeding; ≥ grade 3 nonhematologic toxicity despite maximal supportive care except alopecia or grade 3 ALT or AST elevations that resolve in <7 days; ≥ grade 3 nausea, vomiting or diarrhea that persists despite optimal supportive care. Patients were not evaluable for DLT and replaced, if any of the following occurred during cycle 1 due to reasons unrelated to toxicity: treatment delay for > 7 days after the last scheduled dose of any of the study drugs; received <80% of planned dovitinib; received <75% of planned capecitabine and failed to receive all 2 doses of gemcitabine. The MTD was defined as the highest dose level at which ≤ 1 of 6 patients experienced DLT during cycle 1.
Monitoring, Assessment of Safety, and Activity
Upon signing the consent form, patients underwent screening including a history and physical examination, ECOG performance status assessment, complete blood count, chemistries, amylase, lipase, coagulations, urinalysis, pregnancy test, stool occult blood, electrocardiogram, cardiac enzymes, tumor markers, echocardiogram and disease assessment by computer tomography (CT). Complete blood count and chemistries were conducted weekly on day 1, 8, and 15 during cycle 1, and day 1 and 8 from cycle 2 onwards. Amylase, lipases, electrocardiogram, and cardiac enzymes were evaluated weekly during cycle 1 and on day 1 from cycle 2 onwards. CT was repeated after every 2 cycles, and disease response was assessed by RECIST (version 1.0). Patients were considered evaluable for toxicity once therapy started and for efficacy if at least one cycle was administered.
studies. Venous blood samples were collected into heparinized vacutainer tube preloaded with tetrahydrouridine at time-points below. For gemcitabine analysis, blood samples were collected at predose, 10 minutes, 20 minutes, 30 minutes, 1 to 2 hours, and 4 to 5 hours postinfusion on day 1. For capecitabine and dovitinib analysis, blood samples were collected on day 1 cycle 1 at predose, 0.5 hour, 1 to 2 hours, 4 to 5 hours, 6 to 8 hours postdosing and day 2 before next dose. Collections for dovitinib were repeated on day 19 cycle 1 at predose, 0.5 hour, 1 to 2 hours, 4 to 5 hours, 6 to 8 hours, 24 hours, and 48 hours postdosing, and day 8 cycle 2 before next dose. The plasma concentration of dovitinib, gemcitabine, capecitabine, and metabolites were measured by 2 high-performance liquid chromatography/tandem mass spectrometry (LC/MS/MS) assays. 13, 14 Lower limits of quantitation were 1.63 ng/mL for dovitinib, 1.00 ng/mL for gemcitabine, capecitabine and dFdU, and 5.00 ng/mL for 5-FU, DFUR, and DFCR.
To determine the pharmacodynamic effects, blood samples were obtained before dovitinib dosing on day 1, 12, and 19 of cycle 1 in EDTA tubes to assess the following plasma biomarkers: FGF23, basic FGF (bFGF), soluble VEGFR1 (sVEGFR1), and VEGF. Total FGF23 was determined in human plasma using a sandwich ELISA kit (Millipore, Billerica, MA) with the lower limit of detection of 3.5 pg/mL. The ELISA kit is specific to human FGF23 and does not significantly cross-react to human EGF, FGF-2, FGF-19, or FGF-21. All other biomarkers were analyzed using specific Quantikine ELISA kit obtained from R&D Systems (Minneapolis, MN). The lower limit of detection of bFGF, sVEGFR1, and VEGF is 3, 3.5, and 9 pg/mL, respectively. The bFGF ELISA kit is specific to human bFGF and does not significant cross-react to human EGF or other FGF members. The sVEGFR1 ELISA kit is specific to human VEGFR1 and does not cross-react to VEGFR2 or VEGFR3. The VEGF ELISA kit is specific to human VEGF and does not recognize VEGF-C or VEGF-D. All assays were performed according to the manufacturer's manual.
RESULTS
Patient Characteristics
A total of 29 patients with advanced solid tumors were consented and received treatment from 2012 to 2014, including 9 patients in the dose escalation and 20 in the expansion cohort. Twenty-four patients had pancreatic cancer; 4 patients had biliary tract cancer, and 1 patient had small intestine cancer. Eighteen patients were evaluable for response by RECIST. Fifteen of the 24 pancreatic cancer patients were chemo-naive and received study treatment in first-line setting, and 18 were gemcitabine-naive (including 3 who received FOLFIRINOX previously). The median follow-up time for all pancreatic cancer patients was 14.3 months. The demographic and clinical characteristics of the enrolled patients are listed in Table 1 .
Dose Escalation Process
Nine patients were treated during dose escalation including 6 who were evaluable for DLT and 3 were replaced as they were not evaluable for DLT. Three patients were enrolled to the starting dose level (dovitinib 300 mg) at the beginning of the study and 1 patient experienced dose-limiting grade 3 colitis. Three more patients were enrolled and treated at the same dose level and none experienced DLT. However, 2 patients from the first cohort developed clinically significant grade 2 sensory neuropathy after 4 cycles that resolved following interruption of dovitinib dosing. Both patients had pancreatic cancer. One patient was chemo-naive and the other one previously received oxaliplatin as part of the FOLFIRINOX regimen. The neuropathy did not recur in both patients following the resumption of dovitinib at 200 mg, the next lower dose level. The toxicity and tolerability of the study treatment were reviewed with the Novartis medical team. The starting dose level was declared as the MTD, and the study proceeded to enroll an additional 20 patients to the expansion cohort.
Safety and Activity
All 29 patients received at least 1 dose of study treatment and were evaluable for toxicities. Grade 2 or higher treatmentrelated adverse events from all cycles are summarized in Other grade 3 or worse non-dose-limiting treatment-related toxicities from all cycles that were reported were neutropenia (41%), thrombocytopenia (24%), anemia (14%), leukopenia (14%), hypertension (10%), nausea (7%), palmer-plantar erythrodysaesthesia syndrome (7%), increased lipase (7%), febrile neutropenia (3% for the rest), diarrhea, gastrointestinal hemorrhage, vomiting, acute coronary syndrome, pyrexia, dehydration, skin rash, and increased level of AST, ALP, GGT, total bilirubin and amylase. Common ( > 10%) ≥ grade 2 treatment-related adverse events from all cycles included fatigue (45%), neutropenia (41%), thrombocytopenia (34%), anemia (24%), nausea (24%), palmer-plantar erythrodysaesthesia syndrome (21%), diarrhea (17%), increased GGT (13%) and leukopenia (14%). There was no grade 5 adverse event.
Among evaluable patients, partial responses by RECIST were observed in a total of 5 (28%) patients. Three of them had pancreatic cancer and 2 had biliary tract cancer. Ten (55%) patients had stable disease. Three (17%) patients had progressive disease. Fifteen pancreatic cancer patients received the study treatment as first-line therapy (9 stage IV, 6 stage III). As in Figure 1 , the median OS and 6-month survival were 13.3 months and 64%, respectively. Eighteen pancreatic cancer patients enrolled were naive to gemcitabine (11 stage IV, 7 stage III) and the median OS and 6-month survival were 9.5 months and 65%, respectively.
Pharmacokinetic Studies
The pharmacokinetic parameters of dovitinib, capecitabine and gemcitabine on day 1, and dovitinib on day 19 are summarized in Table 3 . The plasma concentration versus time are shown in Figure 2 . The median C max and area under the curve of dovitinib were similar following 3 weeks of dosing: day 1, 181 ng/mL and 3419 hours·ng/mL and day 19, 221 ng/mL and 3854 hours·ng/mL, respectively, indicating slight accumulation of dovitinib at 300 mg dose. The median half-life (T 1/2 ) of dovitinib was ∼15 hours on day 1 and decreased to ∼13 hours on day 19. The metabolites of gemcitabine and capecitabine including dFdU, 5′-FU, 5′-DFCR and 5′-DFUR were analyzed and consistent with the literature. 15, 16 Pharmacodynamic Studies
A total of 40 plasma samples from 9 patients treated with dovitinib 300 mg daily 5 days on and 2 days off were evaluable by ELISA for the level of FGF23, bFGF, sVEGFR1, and VEGF. Because of small sample size, we could not detect relationship between baseline plasma level of these markers and clinical outcome. Paired samples from 5 patients were evaluable for changes in the biomarker levels between baseline and after 19 days of dovitinib. Plasma FGF23 level increased in 4 of 5 patients during the first cycle of treatment. There was no observable trend in the changes of bFGF, sVEGFR1, and VEGF plasma levels (Fig. 3) .
DISCUSSION
In this phase Ib study, we determined that dovitinib could be safely co-administered with gemcitabine and capecitabine at the RP2D. We further determined that there was no significant drug-drug interaction of dovitinib by the other 2 cytotoxic drugs including oral capecitabine during co-administration. When this study was planned in 2009, gemcitabine plus capecitabine was a standard in the treatment of advanced pancreatic cancer patients and was selected as the chemotherapy backbone. 17 Subsequently, gemcitabine plus nab-paclitaxel became a standard in 2013 2 and the study was amended to include cholangiocarcinoma in the expansion cohort. In addition, the FOLFIRINOX regimen, and its modified versions, became a standard first-line therapy for advanced or metastatic pancreatic adenocarcinoma in patients with good performance status since 2011 and the study regimen was tolerable in patients previously treated with FOLFIRINOX. 3 Dovitinib was one of the most potent multikinase inhibitors against FGFR signaling in clinical development when the study was first planned. We observed FGFR signaling modulation at the RP2D, albeit a small sample size, and together with the encouraging efficacy signal observed, the role of dovitinib in the treatment of pancreaticobiliary cancers should be investigated further.
The MTD of the study regimen was not reached by study definition though we observed clinically significant grade 2 neuropathy after multiple dosing requiring dose reduction in 2 patients. Following discussions with the Novartis medical team, the 300 mg daily dose level was declared the RP2D and to be used for the expansion cohort. The dose was lower than the 500 mg daily dose on a 5 days on/2 days off schedule used in phase II and III dovitinib monotherapy trials though we did observe plasma FGF23 changes indicative of FGFR modulation at the RP2D. 11, 18 Interestingly, there was no additional doselimiting sensory neuropathy observed in the dose expansion cohort. Sensory neuropathy was not a significant adverse event for dovitinib monotherapy in the phase III trial in metastatic renal cell carcinoma. 18 However, Loriot et al 19 did report a patient who developed mild peripheral sensory neuropathy with numbness and pain following 2 months of dovitinib monotherapy on a phase I trial. An electromyogram evaluation showed a distal axonal neuropathy. FGFR signaling has been implicated in healthy nerve physiology and the anti-FGFR effects of dovitinib may have underlined the sensory changes. [20] [21] [22] The most common grade 3 and 4 toxicities from dovitinib, gemcitabine, and capecitabine are hematologic. Although caution should be taken to compare across studies, the incidence of neutropenia and thrombocytopenia were numerically higher than that from single agent dovitinib used in advanced renal cell carcinoma 18 or gemcitabine plus capecitabine used in advanced pancreatic adenocarcinoma. 17 The increased toxicities including neutropenia and thrombocytopenia have been observed in previous studies on combining multikinase inhibitors and cytotoxic agents, which often led to dose reduction, delay, or discontinuation. The additive myelosuppression of dovitinib to chemotherapy was likely due to its inhibition of FLT3 and c-kit. 23 Despite the increased hematologic toxicities observed in this study, most of the patients were able to tolerate multiple cycles of the treatment. The toxicity profile of the combination was largely consistent with the known side effect profiles of respective drugs. In contrast, another phase Ib study evaluating dovitinib in combination with gemcitabine plus cisplatin or carboplatin in patients with advanced solid tumors had to be closed due to severe dose-limiting hematological toxicities observed during the dose escalation phase. 23 This phase Ib trial was not designed to evaluate activity/ efficacy of dovitinib. However, the overall response rate and OS appeared to be equivalent or slightly better compared with gemcitabine plus capecitabine in the first-line setting for the treatment of advanced or metastatic pancreatic adenocarcinoma. 17 The activity of dovitinib, gemcitabine, and capecitabine combination observed in this study can at least be partially explained by the fact that a significant number of the patients received this regimen as first-line therapy or were naive to gemcitabine-based chemotherapy. In contrast, most of the previous early phase trials of dovitinib were in heavily treated patients with other types of malignancies. Dovitinib is mainly metabolized by CYP1A1/2 and flavincontaining monooxygenase. 12 Previous pharmacokinetic studies showed that both dovitinib at lower daily dose (< 400 mg) on a consecutive 28-day cycle 12 and dovitinib at higher daily dose on a 5-day on and 2-day off schedule 9 led to significant autoinduction of CYP1A1/2. At 300 mg daily dose on 5 days on and 2 days off schedule as used in our study, we did not observe significant difference in dovitinib level between day1 and 19 to indicate significant autoinduction. This was likely due to different dose level and schedule of administration in the absence of drug-drug interaction between dovitinib, gemcitabine, and capecitabine. Pharmacodynamic studies using plasma samples from a small number of patients showed effect of dovitinib on FGFR signaling at the 300 mg dose though effects on the VEGF signaling pathway were unclear.
In summary, this phase I study successfully determined a tolerable dosing schedule for dovitinib in combination with gemcitabine plus capecitabine, and demonstrated encouraging efficacy signal in advanced pancreatic cancer patients compared with historical controls. [2] [3] [4] Potential predictive biomarker for dovitinib in preclinical studies from our group 8 may be relevant to the development of other FGFR inhibitors in pancreatic cancer. Future clinical trials evaluating FGFR-targeting agents in pancreatic cancer should be biomarker-driven using combinatorial approaches, which are more likely to be successful.
